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Abstract 
The evolution of the microstructure and crystallography in SAE1078 pearlitic steel 
sheets under different cold-rolling reductions of up to 90% were quantified using 
transmission electron microscopy (TEM), electron backscatter diffraction (EBSD), and 
X-ray diffraction (XRD). The mechanical properties were determined by tensile testing 
at room temperature. TEM analysis showed that the pearlite structure was obviously 
refined with the interlamellar spacing decreasing to about 57 nm at the rolling reduction 
of 90%. EBSD investigations indicated that the ferrite exhibited a {001} <110> texture 
in the 90% cold-rolled pearlitic steel. The dislocations were mainly concentrated during 
cold rolling between the 10% and 70% reduction ratios as the average kernel 
misorientation angle increased from 0.75° to 1.20°. XRD examination revealed that a 
transformation from bcc to bct crystal structure of ferrite occurred at 90% rolling 
reduction due to the supersaturation of carbon. Significant augmentation in the ultimate 
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tensile strength during cold rolling results from the boundary, dislocation, and solid 
solution strengthening mechanisms. 
Keywords: Steel; Cold rolling; Microstructure; EBSD; Mechanical characterization 
1. Introduction 
Cold-deformed pearlitic steel is one of the strongest forms of steel.  It has many 
applications, including: suspension bridge cables, tire cords, and automotive coil 
springs. Such products exploit the extremely high strength that these steels achieve from 
heavy plastic deformation at ambient temperature. Moreover, the nearly eutectoid 
composition of these pearlitic steels can achieve these high strengths at modest cost 
because little addition of strengthening alloying elements (Nb, Ti, and V) is needed. 
These advantages have motivated several scientific studies of this material focusing on 
the relationship between microstructure and strength as plastic deformation progresses. 
Gradually refined pearlite structure with a decreasing interlamellar spacing (ILS) was 
observed during the cold-drawing process [1, 2]. It has generally been assumed that the 
cementite lamellae act as obstacles for dislocations gliding in ferrite. The decrease in the 
ILS of pearlite reduces dislocation gliding distance, thereby increasing the stress needed 
to accomplish local plastic deformation. With advancements in transmission electron 
microscopy (TEM) and atomic force microscopy (AFM) techniques, it became possible 
to measure the ILS of pearlite, which decreased from approximately 100 nm before 
deformation to a few nanometers after heavy cold-drawing processing [3-8]. After 
summarizing the previous studies on the boundary strengthening mechanism, an 
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equation (1) based on the Hall-Petch relation describing the evolution of yield stress 
during cold drawing was proposed [7, 8]. 
𝜎𝜎y = 𝜎𝜎0 + 𝑘𝑘(2𝑑𝑑)−0.5                                                   (1) 
Where 𝜎𝜎y represents the yield stress of pearlitic steel, 𝜎𝜎0 corresponds to the friction 
stress of the ferrite and is a constant ~60 MPa, 𝑘𝑘 is the slope, and 𝑑𝑑 is the average 
width of the ferrite lamellae. With the refinement of pearlite structure, the dislocation 
density in ferrite was increased from 7.5 × 1013 m-2 before deformation to 2 × 1016 m-2 
under a drawing strain of 3.68, indicating dislocation strengthening [7]. Further 
experiments showed that the dislocations were mostly present at the ferrite-cementite 
interfaces as threading dislocations, dislocation tangles, and cell boundaries [8]. 
In addition to the formation of refined pearlite structure at nanometer dimensions 
with a high dislocation density, a partial chemical decomposition of cementite occurred 
at high strain in the heavy plastic deformation processes. Thermomagnetic analysis 
showed that the amplitude of magnetization saturation (Ms) drop around the Curie 
temperature (210 °C) decreased after cold-drawing [9]. The Ms drop was caused by the 
ferromagnetic to paramagnetic transformation of cementite and the smaller amplitude 
qualitatively indicated the decomposition of cementite. The volume fraction of 
cementite could be estimated using Mössbauer spectroscopy, suggesting that 
approximately 20 ~ 50 vol.% of the cementite decomposed at a drawing strain of more 
than 3 [10]. Electron energy loss spectrometry (EELS) analysis revealed that the carbon 
concentration in cementite was in the range of 7 - 11 at.% at a drawing strain of 3.5, 
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which was far lower than the equilibrium value of 25 at.% [11]. Owing to the strain-
induced cementite decomposition, a bcc-to-bct crystal structural transformation of 
ferrite was observed by synchrotron radiation [12] when the drawing strain was larger 
than 1.5. At the atomic scale, the atom probe tomography (APT) investigations have 
highlighted the strain-induced cementite decomposition mechanisms. The carbon 
concentration gradient from ferrite to cementite lamellae was measured, and the 
maximum value observed was 20 at.% at the ferrite-cementite interfaces under a 
drawing strain of 3.5 [13]. The cementite decomposition in a cold-drawn Cr-containing 
pearlitic steel saturated at a drawing strain of 5 with the carbon concentration in ferrite 
increasing to 0.63 at.% [14]. The carbon atoms were mostly located within the sub-grain 
boundaries in the ferrite, and the large dislocation density was the dominant factor 
underlying the cementite decomposition during heavy cold-drawing [15]. The high 
density of vacancies in ferrite introduced by drawing strain also played an important 
role in the cementite decomposition [16]. The strain-induced decomposition of 
cementite in cold-deformed pearlitic steel at a high strain could increase the carbon 
concentration in ferrite, generating a solid solution hardening effect. 
Furthermore, the crystallography also changes during plastic deformation. Electron 
backscatter diffraction (EBSD) is an advanced technique to examine the 
crystallographic features. Changes in ILS of pearlite and the misorientation angles along 
and across the ferrite lamellae show significant through-diameter variations at the 
drawing strain larger than 1.5 [17]. The hardness in different nodules of pearlite (a 
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volume with the same or a similar ferrite crystal orientation) are significantly different, 
suggesting the ferrite crystal orientation has a great influence on hardness [18]. Besides, 
the kernel average misorientation (KAM) is a parameter calculated to assess the 
distribution of local plastic strain as well as dislocation density. With the convenient and 
straight high-resolution EBSD maps, the KAM method has been widely applied for 
studying dislocations [19-22]. The dislocations preferentially generated next to the 
phase (ferrite, austenite, and bainite) boundaries in low-alloyed TRIP steel after a cold-
rolling reduction of 10% [19, 20]. Comparing the KAM angles of the recovered and 
recrystallized ferrite in the 50% cold-rolled dual-phase steels during different annealing 
processes, the dislocation density was lower in the recrystallized ferrite with a smaller 
KAM angle [21]. In the Mn-based duplex stainless TRIP steel, the dislocation density 
was higher at the ferrite/austenite and martensite/austenite interfaces exhibiting a higher 
KAM angle [22]. However, the research on cold-deformed pearlitic steels quantifying 
the crystallographic characteristics (orientation, texture, and dislocation) by EBSD is 
still limited. 
Most of the previous studies on pearlitic steel have focused on the cold-drawing 
deformation to examine the strain-induced cementite decomposition behavior and 
associated strengthening mechanisms. Recently, cold-rolled pearlitic steel sheets have 
broadened the application of high carbon steels in the industry. The nanoscaled structure 
with an ILS of approximately 20 nm formed in the 95% cold-rolled pearlitic steel and 
the enhanced ultimate tensile strength of >2500 MPa was attributed to the boundary 
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strengthening mechanism [23]. However, studies about dislocation and solid solution 
strengthening during cold rolling are limited. Quantified by X-ray diffraction (XRD), 
the ferrite maintained the bcc structure with an increase in the lattice constant when the 
rolling reduction was from 40% to 90% [24, 25]. Different structural evolutions of 
ferrite were exhibited during plastic deformation observed by synchrotron radiation 
(bcc-to-bct transformation) and XRD (bcc structure). The influence of cementite 
decomposition on ferrite structure in cold-deformed pearlitic steel has been discussed 
without obtaining a consensus on the bcc-to-bct transformation. In addition, the 
crystallographic development occurring during cold rolling remains unclear. The 
aforementioned issues (dislocation and solid solution strengthening mechanisms, 
evolution of ferrite structure, and crystallography) have rendered it difficult to study the 
relationship between the structure and mechanical properties of cold-rolled pearlitic 
steels. In the present work, emphasis was placed upon studying the effects of 
microstructure and crystallography on the mechanical properties of pearlitic steel at six 
different cold-rolling hardening stages. Such a study is expected to be helpful in 
understanding the mechanical behavior of the pearlitic steel and the dominant 
strengthening mechanisms at different stages during heavy cold rolling. 
2. Experimental 
2.1. Materials processing 
The materials examined in the present study were commercial SAE1078 pearlitic 
steel sheets obtained at six steps of the cold-rolling process provided by Baoshan Iron & 
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Steel Co., Ltd. The chemical composition of the SAE1078 steel is shown in Table 1. The 
thickness of the steel sheet after pearlitic transformation is 2.0 mm, cold-rolled to a 
thickness of 0.2 mm with the reduction ratio of up to 90%. The logarithmic strain (𝜀𝜀𝑇𝑇) 
during cold rolling was calculated for comparing with the previous results according to 
the following equation [26]: 
𝜀𝜀𝑇𝑇 = 1.155ln(𝑡𝑡0/𝑡𝑡)                                                    (2) 
Where 𝑡𝑡0 and  𝑡𝑡 correspond to the thickness of the steel sheets before and during 
cold rolling, respectively. 
2.2. Tensile tests 
The tensile specimens were machined by electrical-discharge machining (EDM) 
into a gauge section of the standard size [23] to evaluate the mechanical properties. The 
room temperature tensile tests were conducted with a MTS C40 electronic universal 
testing machine directly under ambient conditions at a strain rate of 2 × 10-4 s-1. 
2.3. Transmission electron microscopy (TEM) 
Discs about 0.2 mm thick were cut by EDM to prepare the TEM specimens. The 
TEM discs were mechanically ground to ~60 μm, followed by twin-jet electro-polishing 
using an electrolyte consisting of 10 vol.% perchloric acid and ethanol solution at ~20 V 
and −25 °C. The structural parameters (ILS of pearlite, width of ferrite, and cementite 
lamellae) were measured using TEM (JEM 2010F and Philips CM 200) operated at 
acceleration voltages of 200 kV with field emission guns. 
2.4 Electron backscatter diffraction (EBSD) 
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The crystallographic characterization was conducted using a SU70 Hitachi field 
emission scanning electron microscope (FE-SEM) equipped with an EBSD detector.  
The specimen surfaces were polished using a 0.04 μm colloidal silica slurry for 4 h in a 
vibratory polisher (VibroMet 2, Buehler) after a standard grinding. The EBSD 
investigations were scanned with a step size of 50 nm at an operating voltage of 15 kV 
and a sample tilt angle of 70° to measure the crystallographic orientation, texture, and 
KAM values of ferrite in the SAE1078 steel during rolling. The KAM values represent 
the average numerical misorientation angles around an EBSD point calculated with a 
maximum misorientation angle of 5° [27, 28]. The raw data were analyzed by TSL-
OIM-Analysis software. 
2.5 X-ray diffraction (XRD) 
A D/MAX 2500V diffractometer using Cu Kα1 radiation (λ = 0.1541 nm) operating 
at 40 kV was utilized for the structural investigations of ferrites in pearlitic steels with 
different rolling reductions. Before performing the XRD experiments, the longitudinal 
cross sections of the rolled samples were electropolished at 30 V to eliminate extra 
dislocations in the mechanically polished layer using 20 vol.% HClO4 in glacial acetic 
acid as the electrolyte [29]. The scanning speed was 0.2° min-1, and diffraction angles 
ranged from 42.8° to 46.4° and 80.5° to 84.1°. 
3. Results 
3.1 Mechanical properties 
Fig. 1a shows the room temperature tensile stress-strain curves of the SAE1078 
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steels at different cold rolling reductions. Fig. 1b illustrates the evolution of yield and 
ultimate tensile strengths during cold rolling. As clearly seen in the curves in Fig. 1a, 
the sample before rolling exhibited an obvious yield point, but the yield point was 
lacking in all the as-rolled specimens. The 0.2% proof stress was taken as the yield 
strength of the as-rolled SAE1078 steels. The yield strength, ultimate tensile strength, 
and the plastic strain of the SAE1078 steel at different rolling reductions are listed in 
Table 2. Before cold rolling, the SAE1078 steel exhibited a yield strength of 843 MPa 
(ultimate strength: 1237 MPa) and a plastic strain of 12.2%. At the initial rolling 
reduction of 10%, the yield strength was greatly enhanced to 1175 MPa (ultimate 
strength slightly increased to 1327 MPa), while the ductility decreased to a plastic strain 
of 8.5%. With an increase in the rolling strain, the strength and ductility gradually 
increased and decreased, respectively. When the rolling reduction reached 90%, the 
yield strength was significantly increased to 2197 MPa (ultimate strength: 2338 MPa) 
with an extremely small plastic strain of 0.3%. 
3.2 Microstructures 
TEM images, Fig. 2, display the microstructure of the SAE1078 steel before cold 
rolling and at reduction ratios of 50% and 90%. The ILS of pearlite and width of the 
ferrite lamellae (F) during rolling have been measured, shown in Fig. 3. The average 
values of ILS, F, and the width of cementite lamellae (C) are listed in Table 3. A 
lamellar pearlite microstructure with an ILS of ~ 100 nm was exhibited in the SAE1078 
steel before rolling, consisting of ferrite and cementite lamellae of 70 nm and 30 nm in 
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width, respectively. The microstructure was gradually refined with an increase in the 
rolling strain. During rolling, the ILS of pearlite decreased to ~64 nm (F: 43 nm, C: 21 
nm) at 50%, which further decreased to ~57 nm (F: 38 nm, C: 19 nm) at 90% reduction 
ratio. The refining effect is not obvious at high rolling strain with only small reductions 
achieved in the structural parameters (ILS, F, and C). The dislocations mostly existed 
within the ferrite lamellae with the denser dislocation lines, observed in the high 
magnification TEM images. Applying the Hall-Petch relation (Eq. (1)) describing the 
evolution of yield strength during cold rolling, the estimated slope (k) values are listed 
in Table 4. The k value is 0.29 MPa·m0.5 before deformation and increases to 
approximately 0.38 MPa·m0.5 during rolling between the 10% and 50% reduction ratios. 
The increase in strain after the 50% ratio leads to a further increase of the k value, which 
reached 0.59 MPa·m0.5 at the 90% rolling reduction. 
3.3 EBSD investigations 
Figs. 4a, c, and e show the inverse pole figure (IPF) maps at the cross section in the 
rolling direction-transverse direction (RD-TD) planes of the SAE1078 steels before cold 
rolling and at typical reduction ratios of 50% and 90%, as analyzed by EBSD. The 
corresponding {001} texture pole figures are shown in Fig. 4b, d, and f, where {001} is 
the crystallographic plane perpendicular to the normal direction (ND). The different 
colors in IPF maps (Fig. 4a, c, and e) represent different crystallographic orientations of 
ferrite, and the blue, red, and green colors correspond to the direction of <111>, <001>, 
and <110>, respectively. The deformed structure was parallel to the rolling direction in 
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the 90% cold-rolled SAE1078 steel. The <110>‖RD orientation of ferrite is relatively 
strong at the rolling reduction of 90%. As apparently seen from the {001} texture pole 
figures, the formation of texture is not obvious before cold rolling (Fig. 4b). With an 
increase in rolling reduction to 50%, the texture of the material becomes more apparent 
(Fig. 4d). At 90% reduction ratio, a {001} texture perpendicular to the ND is clearly 
present (Fig. 4f). Based on the IPF and texture pole figures, a strong {001} <110> 
texture of ferrite is present in the 90% cold-rolled pearlitic steel. 
Fig. 5 shows the color-coded KAM distribution maps of the SAE1078 steels during 
cold rolling at different reduction ratios from 0 to 90%. The KAM maps serve as a 
measure of deformation-induced local orientation gradients inside the ferrite. The blue 
to red pixels correspond to different KAM angles ranging from 0° to 5°, respectively. 
The local plastic strain gradually accumulated with higher KAM angles as the rolling 
strain increased. Fig. 6 presents the average KAM angles of the SAE1078 steels on 
varying rolling reductions up to 90%. The average KAM angles are in the range of ~ 
0.75° before rolling and deformed by 10%, suggesting that the dislocation movement is 
not significant in the initial process. As rolling reduction increased (>10%), the average 
KAM angle was greatly increased to 1.14° (50%) with a smaller augmentation reaching 
1.20° at the reduction ratio of 70%. It was indicated that the dislocation density in ferrite 
was remarkably increased between the 10% and 70% reduction ratios. However, the 
average KAM angle (1.19°) at the 90% rolling reduction was slightly lower. 
3.4 XRD characterization 
12 
 
Fig. 7a and b display the XRD diffractograms of the (110) and (211) ferrite peaks, 
and Fig. 7c and d show the corresponding variations in the diffraction angles in the 
cold-rolled SAE1078 steels from 0 to 90% reduction ratios. The width of the diffraction 
peaks gradually broadened, and the diffraction angles distinctly differed with an 
increase in rolling reduction. The diffraction angles of the (110) and (211) peaks 
initially decreased before the 50% rolling reduction, followed by increasing when the 
rolling reduction reached 90%. The shifts of the diffraction peaks indicate a variation in 
the lattice parameters of the a and c-axes. Fig. 8 illustrates the evolution of lattice 
parameters, a and c, and the c/a ratios of ferrite in SAE1078 steel during cold rolling. 
The lattice constant of the bcc ferrite before rolling is 0.2866 nm. As rolling reduction 
increased to 50%, the ferrite maintained its bcc structure with the lattice parameter a 
increasing to 0.2870 nm and c decreasing to 0.2854 nm. The corresponding c/a ratio of 
the ferrite slightly decreased from 1.0 to ~ 0.994. However, the lattice parameters a 
decreased to 0.2861 nm while c increased to 0.2889 nm at 90% rolling reduction. 
Therefore, the c/a ratio shows a gradual increase, finally reaching a value of 
approximately 1.010. These XRD results suggest that a bcc-to-bct structural 
transformation of ferrite occurred at the rolling reduction of 90%. 
4. Discussion 
4.1 The influence of microstructure evolution on mechanical properties 
The mechanical properties of SAE1078 steels are greatly dependent on the ILS of 
pearlite. The cementite lamellae play a role in limiting dislocation glide similar to the 
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effect of grain boundaries in polycrystals [1, 2]. The boundary strengthening effect 
related to the decreasing grain size is mainly attributed to two factors, namely, the 
significant decrease in the volume available for the formation of dislocation pile-ups 
against the boundaries, and the significant increase in resistance to dislocation glide [30, 
31]. The refined pearlite microstructure at nanometer dimensions achieved during cold 
rolling results in boundary strengthening. The distance between barriers to dislocation 
glide is important in boundary strengthening based on the Hall-Petch relation. In the 
previous studies [4, 5], the barrier distance corresponds to the ILS of pearlite. Since 
dislocation movement occurs mainly in ferrite, the barrier spacing is assumed to be 
twice the width of the ferrite lamellae [7, 8]. The contribution of decreasing structural 
parameters (ILS, F, or C) to the yield strength during cold rolling is estimated based on 
the width of ferrite. The value of the Hall-Petch slope k is approximately 0.38 MPa m0.5 
at low or medium rolling strain ranging from 10% to 50% reduction ratios (logarithmic 
strain is up to 0.8), indicating a good approximation of the evolution of the yield stress. 
However, the slope, k of 0.41 MPa m0.5 [7] observed in the initial cold-drawing process 
up to the logarithmic strain of 0.68 is larger than the value calculated in the present 
study. It seems that the strain hardening effect caused by cold rolling is smaller than the 
effect from drawing deformation, which is similar to observations made in other 
systems [x]. When the rolling reduction is larger than 50%, the significant increase in 
the slope k suggests that other strengthening mechanisms in addition to the barrier 
resistance of the cementite exist. The dislocation and solid solution strengthening are 
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discussed in the following sections. 
4.2 Texture analysis 
In bcc metals, {110} crystallographic planes are the most closely packed planes, 
which are the most desired planes in plastic deformation for increasing toughness [32]. 
Hence, the {110} planes of ferrite experience the greatest effects from stress during cold 
rolling prior to the formation of ferrite with the <110> orientation parallel to the RD. 
The IPF maps and texture pole figures indicated that cold-rolling deformation causes 
the strong {001} <110> texture of ferrite at 90% reduction ratio. The texture formation 
of ferrite during cold rolling has been previously investigated, and it was found that the 
{001} <110> component was one of the most stable rolling textures [19, 33]. During a 
rolling deformation with the reduction ratio of 10%, the {001} <110> texture of ferrite 
becomes strong in the low-alloyed TRIP steel and dual-phase steel [19]. When the 
rolling reduction was up to 70%, the deformation process in {111} and {110} occurs 
more readily, while in {001}, the deformation takes place slowly in low-carbon steel 
[33]. During plastic deformation, the orientations of ferrite would be related to the 
{001} <110> by rotations about <110> parallel to the RD and the <001> near the ND 
[34]. Therefore, the ferrite generates a {001} <110> texture during cold rolling at 90% 
reduction ratio. 
4.3 The effect of crystallographic features of ferrite on mechanical properties 
The crystallographic features of ferrite indicate that the local plastic strain 
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accumulated with an increase in the KAM angle during cold rolling. The higher average 
KAM angles suggest that the dislocation density is gradually increased during cold 
rolling between the 10% and 70% reduction ratios. Denser dislocation lines in ferrite 
were observed in the TEM images (Fig. 2). The {110} lattice plane is one of the active 
dislocation glide planes in the bcc crystal structure [35, 36]. The broadening of the 
width of the (110) diffraction peaks of ferrite indicates the dislocation density increases 
(Fig. 7a). The TEM, EBSD, and XRD results all suggest that the dislocation density in 
ferrite becomes larger during cold rolling. 
During plastic deformation, dislocation movement occurs when the resolved shear 
stress on the slip plane equals the critical resolved shear stress of that slip system. 
Therefore, the dislocation propagation and multiplication is not significant during 
rolling before 10% reduction ratio for the average KAM angles revealing no obvious 
difference with the undeformed specimen. The initial increment in strength is largely 
attributed to the boundary strengthening mechanism. The dislocation density increases 
with higher average KAM angle reaching the maximum value of 1.20° at 70% 
reduction. Therefore, the increase in strength during rolling between the reduction ratios 
of 10% and 70% is largely attributable to the dislocation mechanism. The slight 
decrease in average KAM value at 90% reduction indicates that the dislocation 
movement is not obvious. From the high magnification TEM images (Fig. 2), the denser 
dislocation lines are present at large rolling strain. Generally, the dislocations are mostly 
stored in the ferrite lamellae around the ferrite-cementite interfaces as dislocation pile-
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ups [7, 8]. The dislocation movement may be prevented due to the lattice strain around 
these pile-ups. Since the structural parameters and the dislocation situation do not differ 
significantly between the rolling reduction of 70% and 90%, the boundary and 
dislocation strengthening may have less influence on the mechanical properties. 
However, the strength does increase substantially as the rolling reduction increases from 
70% to 90%. The highest tensile strength is achieved at 90% reduction. The solid 
solution hardening mechanism might make the greatest contribution to the high strength 
at 90% rolling reduction, as discussed based on the structural evolution of ferrite in the 
next section. 
4.4 The effect of ferrite structural evolution on mechanical properties 
In the cold-rolling process, the steel sheet experiences a compressive stress at the 
longitudinal cross-section and a minor tensile stress at the transverse cross-section 
perpendicular to the RD. The <110> crystallographic orientation of ferrite parallel to the 
RD is strong in the cold-rolled pearlitic steel, suggesting that the (110) lattice planes 
may experience a tensile stress while the (100) lattice planes largely experience a 
compressive stress. Hence, the lattice plane spacing between the (110) planes is slightly 
enlarged and the (100) planes are compressed, leading to the increase and decrease of 
the lattice parameters a and c, respectively. The decrease of the c/a ratio up to the 50% 
reduction ratio is mainly attributed to the lattice distortion caused by the rolling strain. 
However, the c/a ratio then begins to increase when the rolling reduction is larger than 
50%. It was reported that the large dislocation density in the ferrite during heavy 
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drawing is probably the dominant mechanism contributing to the cementite 
decomposition [13-15]. The binding energy between a carbon interstitial atom and a 
ferrite dislocation (0.75 eV) is much higher than the binding energy of carbon atoms in 
the cementite lattice (0.40-0.42 eV) [37]. The carbon drag effect would occur, and the 
dislocations near the ferrite/cementite interfaces may carry carbon atoms to the 
cementite-ferrite interface where carbon atoms could then diffuse out of the cementite 
into the ferrite. [37]. As indicated from the KAM results, the dislocation density is 
increased in the cold rolling process from 10% to 70% reduction ratios. The higher 
dislocation density in ferrite might lead to the cementite decomposition. The XRD 
results suggest that the ferrite transformed from a bcc structure to a bct structure. The 
interstitial carbon atoms reside in the octahedral sites of the martensite as in a typical 
bct structure owing to the supersaturation of carbon [38]. The lattice parameter a is 
smaller and c is larger with a higher carbon content in martensite, and the variation in c 
is greater than a [39, 40]. According to the relationship between the lattice parameters (a 
and c) and carbon content [39, 40], the estimated carbon concentration in ferrite at the 
rolling reduction of 90% was about 0.3 wt.%. The increase in the c/a ratio of the ferrite 
after 50% rolling reduction may result from the increasing carbon concentration in 
ferrite rather than from the rolling strain, and the supersaturation of carbon leads to the 
bct transformation of ferrite. Hence, the cold-rolling deformation with up to 90% 
reduction ratio would lead to a bcc-to-bct structural transformation of ferrite rather than 
an increase in the lattice constant. Thus, as previously stated, the solid solution 
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hardening mechanism related to the supersaturation of carbon in ferrite accounts for the 
significant augmentation of the strength at the largeest rolling strain. 
5. Conclusions 
In the present study, the strain hardening behavior of cold-rolled SAE1078 pearlitic 
steel up to a deformation reduction of 90% was investigated using TEM, EBSD, and 
XRD. The KAM method was applied to study the dislocations during cold rolling. The 
associated effects of microstructure and crystallography on the tensile strength were 
analyzed based on the boundary, dislocation, and solid solution strengthening 
mechanisms. The conclusions can be summarized as following: 
(1) The refined pearlite structure with the ILS of ~ 57 nm and a strong {001} <110> 
texture of ferrite was obtained at 90% rolling reduction, where the {001} plane is 
perpendicular to ND and the <110> direction is parallel to RD. 
(2) It was confirmed that the cold rolling deformation leads to a bcc-to-bct structural 
transformation of ferrite occurring at the 90% reduction ratio rather than an increase 
in the lattice constant of the bcc structure. 
(3) The local plastic strain is more concentrated during cold rolling with the average 
KAM angle increased to the maximum of 1.20° at 70% reduction ratio. It was 
indicated that the dislocation density plays a major strengthening effect during 
rolling before the 70% reduction ratio. 
(4) The ultimate tensile strength of SAE1078 pearlitic steel is increased from 1237 
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MPa before rolling to 1762 MPa at the deformation ratio of 70%, mostly owing to 
the boundary and dislocation strengthening mechanisms. Solid solution hardening 
contributes to a further significant strength increase to 2338 MPa at the 90% 
reduction ratio. 
(5) In order to obtain the extreme high strength of pearlitic steel sheet, it is favorable to 
increase the cold-rolling reduction ratio (at least 90%) to achieve the solid solution 
hardening effect. 
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Figure captions 
 
Fig. 1. (a) Tensile stress-strain curves of the SAE1078 steels at different cold-rolling 
reductions and (b) the variation in the yield and ultimate strengths during rolling. 
 
Fig. 2. TEM images showing the typical pearlite structure of the SAE1078 steels (a) 
before rolling and at rolling reduction of (c) 50% and (e) 90%; (b), (d), and (f) are the 
corresponding high magnification images of (a), (c), and (e), respectively. 
 
Fig. 3. The reduction in (a) interlamellar spacing of pearlite and (b) width of ferrite 
lamellae in SAE1078 steel with different rolling reductions. 
 
Fig. 4. The inverse pole figure (IPF) maps at the cross section in the rolling direction-
transverse direction (RD-TD) planes of the SAE1078 steels (a) before rolling and at 
rolling reduction of (c) 50% and (e) 90%; (b), (d), and (f) the corresponding {001} 
texture pole figures of (a), (c), and (e), respectively, where {001} is the crystallographic 
plane perpendicular to the normal direction (ND). 
 
Fig. 5. Kernel average misorientation (KAM) maps of the SAE1078 steels (a) before 
rolling and at rolling reduction of (b) 10%, (c) 30%, (d) 50%, (e) 70%, and (f) 90%. 
 
Fig. 6. The average KAM values of the analyzed areas in the cold-rolled SAE1078 
steels on varying rolling reductions from 0 to 90%. 
 
Fig. 7. XRD diffractograms of the (a) (110) and (b) (211) peaks of ferrite in the 
SAE1078 steels; (c) and (d) the corresponding diffraction angle variation during cold 
rolling. 
 
Fig. 8. Lattice parameters of ferrite for the a and c-axes, and the c/a ratios in the 
SAE1078 steels during cold rolling. 
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Table 1 
Chemical composition of the SAE1078 pearlitic steel (wt.%). 
C Si Mn Cr Fe 
0.82 0.20 0.45 0.03 Bal. 
 
Table 2 
Mechanical properties of the SAE1078 steels at different cold-rolling reductions. 
Rolling reduction / % Yield strength / MPa Ultimate strength / MPa Strain / % 
0 842 1237 12.4 
10 1175 1327 8.5 
30 1292 1442 4.7 
50 1370 1570 4.5 
70 1644 1762 1.5 
90 2197 2338 0.7 
 
Table 3 
Interlamellar spacing (ILS) of pearlite, widths of ferrite (F), and cementite (C) in 
SAE1078 steels at different cold-rolling reductions.  
Rolling reduction / % 0 10 30 50 70 90 
ILS / nm 100 88 72 64 60 57 
F / nm 70 60 47 43 40 38 
C / nm 30 28 25 21 20 19 
 
Table 4 
The slope, k of the Hall-Petch relation (Eq. (1)) at various cold-rolling reductions. 
Rolling reduction / % 0 10 30 50 70 90 
Logarithmic strain 0 0.12 0.41 0.8 1.39 2.66 
d (width of ferrite) / nm 70 60 47 43 40 38 
σy / MPa 842 1175 1292 1370 1642 2197 
k / MPa·m0.5 0.29 0.38 0.38 0.39 0.45 0.59 
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Fig. 1. (a) Tensile stress-strain curves of the SAE1078 steels at different cold-rolling 
reductions and (b) the variation in the yield and ultimate strengths during rolling. 
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Fig. 2. TEM images showing the typical pearlite structure of the SAE1078 steels (a) 
before rolling and at rolling reduction of (c) 50% and (e) 90%; (b), (d), and (f) are the 
corresponding high magnification images of (a), (c), and (e), respectively.  
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Fig. 3. The reduction in (a) interlamellar spacing of pearlite and (b) width of ferrite 
lamellae in SAE1078 steel with different rolling reductions. 
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Fig. 4. The inverse pole figure (IPF) maps at the cross section in the rolling direction-
transverse direction (RD-TD) planes of the SAE1078 steels (a) before rolling and at 
rolling reduction of (c) 50% and (e) 90%; (b), (d), and (f) the corresponding {001} 
texture pole figures of (a), (c), and (e), respectively, where {001} is the crystallographic 
plane perpendicular to the normal direction (ND). 
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Fig. 5. Kernel average misorientation (KAM) maps of the SAE1078 steels (a) before 
rolling and at rolling reduction of (b) 10%, (c) 30%, (d) 50%, (e) 70%, and (f) 90%. 
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Fig. 6. The average KAM values of the analyzed areas in the cold-rolled SAE1078 
steels on varying rolling reductions from 0 to 90%. 
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Fig. 7. XRD diffractograms of the (a) (110) and (b) (211) peaks of ferrite in the 
SAE1078 steels; (c) and (d) the corresponding diffraction angle variation during cold 
rolling.  
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Fig. 8. Lattice parameters of ferrite for the a and c-axes, and the c/a ratios in the 
SAE1078 steels during cold rolling. 
 
